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ABSTRACT

THE CONSOLIDATION ANALYSIS OF A CLAY LAYER
IN THE CITY OF BELEM DO PARA, BRAZIL

by
John Bezerra Jr.

In this study, an analysis was done on a particular clay layer found in the city of Belem
do Para, Brazil. Various soil tests were conducted including a consolidation analysis.
Data were gathered and analyzed in order to obtain a better understanding of how the soil
responds under certain loading conditions. There have been no previous studies done on
this material and so when it has been encountered in the field geotechnical engineers
provide the safest, but not necessarily best design method possible. In the case of large
buildings, piles are driven past this material to competent sand. There have been many
instances where small buildings or homes were built on a highly compacted sand layer
that overlies this clay. Eventually these structures failed due to differential settlement
(Alencar, 1999). The data obtained from this analysis will be used as a guide to the
construction of certain structures in this area.
The area of study was chosen because there have been no previous studies done
on this material and since the city is fairly young, the problem of long-term settlement
could cause a threat to existing structures in which certain design criteria may have been
overlooked.
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CHAPTER 1
INTRODUCTION

1.1 Scope and Objective
The objective of this thesis is to test and analyze samples taken from a soft clay layer that
underlies most of the low terrain in the city of Belem do Para, Brazil. Various soil
properties are analyzed to see how the soil would react under certain loading conditions.
This information will be of value to geotechnical engineers working with this material,
due to the lack of information or previous research that has been performed on this
particular clay layer. Recommendations will be given on the capacity and compressibility
of the soil along with a safe and economic manner in which to construct and monitor
structures that overlie this material.

1.2 General Information
The city of Belem lies on the northern region of the state of Para. It is located on the
mouth of the Amazon River and is situated on the margins of the Guama River and
Guajara Bay (Figure 1.1). The city's recent geology consists of soils formed from alluvial
deposits with some marine influence. According to Aziz Ab'Saber's classification, this
area is categorized as plains and Amazon low lands. Three different altimetric levels can
be located in the northern region of the country (i.e. Belem do Para). First; the valleys,
which comprise of lands of recent formation near the margins of the rivers. Second; the
fluvial terraces with maximum altitudes of 30m that are periodically flooded. And, third;
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Figure 1.1 Map of Para State and a close up of Belem's districts and elevations.
(Sampaio Jr., 1335)
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low plateaus that were formed by lands of the Tertiary period (Machado, 1333). The clay
layer being analyzed generally encompasses the low plateau region of Belem. Both high
and low areas have similar soil profiles; the main difference is the clay layer that lies at a
depth of about 8-11 meters. This layer can be categorized into two types of soil, which
will later be discussed.
The general profile consists of three main layers, which are depicted in Figure 1.2.
The first layer consists of a light gray organic silt and clay with little sand. Silt and sand
percentages seem to diminish with depth. This layer has an average depth of 4 meters.
The water table lies in this layer at approximately 1.5 meters.
The second layer consists of orange to red coarse to fine sand with gravel and
clayey silt percentages varying from 5-15%. This layer has an average depth of 4 meters
and is generally where most small buildings are founded on with predrilled reinforced
concrete piles (Figure 1.3).
The third layer is broken down into two types of clay. The first is a light gray to
yellowish red soft clay, which is being subjected to a laterization process due to quantities
of iron oxide. This layer has been previously researched by Joao Luiz Castro Sampaio Jr.
from the Pontificia Universidade Catolica do Rio de Janeiro. The second type, which is
analyzed in this thesis, consists of a dark gray very soft silt and clay, trace fine sand
(varved). This layer averages 3 meters in depth. The following soils consist of
alternating layers of stiff clay and compacted sand. Generally higher buildings are
founded on this compacted sand or stiff clay layer. Figure 1.2 also shows estimates of
unit weights used for calculating the present overburden pressure. These estimates were
made using values found in Sampaio Jr. (1935) thesis and tables from Das (1334) and
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Holtz & Kovacs (1381). The effective overburden pressure (a.') using Sampaio's values
was approximately 82.5 kPa. The effective overburden pressure (a 0 ') using values from
Das (1335) and Holtz & Kovacs ranged from 33 kPa-115 kPa with an average of 84 kPa.
When Sampaio's values for the overlying soils and the calculated unit weight for this soil
were used, a value of 31 kPa was found. This is probably the most accurate estimate and
so 91 kPa was used for a 0 ' in subsequent calculations.

Figure 1.2 General soil profile representing the lower elevations of Belem do Para.

Little is known about the soft dark gray clay layer mentioned above. There has
been no research previously done on this soil. Engineers currently make a judgment call
as to whether they should build, go through this clay layer or if the above sand layer can
withstand the pressure while maintaining minimal settlement to the underlying clay.

5

Figure 1.3 General Foundation system for the given soil profile.
(Sampaio Jr., 1335)

The only information currently used in this analysis is correlations from the standard
penetration test (SPT). There were a number of cases with houses and buildings where
engineers were called to design new or supplementary foundations because differential
settlement was occurring due to this clay layer (Alencar, 1333).

CHAPTER 2
GEOLOGIC STUDY AND SITE DESCRIPTION

2.1 General Geology
In order to completely understand the properties of this soil it is necessary to study and
analyze the geologic history and depositional setting that occurred in the northeastern
state of Para. This chapter will discuss the general geology of Belem and will analyze the
geologic formation in which this clay is believed to have occurred. Once this is done it is
then possible to correlate data retrieved during the subsurface exploration stage and
identify its depositional setting.
The general geology of this region consists of Precambrian granitic intrusions and
gneisses that have been concentrated in the Guyana and Guapore Craton (See Figure 2.1).
A thin belt of Early Paleozoic rock is found along these two cratons parallel to the
Amazon River. Younger formations of Tertiary and Quaternary periods have been
deposited between these two cratons. During this era, from approximately 35 million
years to the present, sediments, partly marine and freshwater continued to be deposited
along the Amazon valley (Derry, 1381).
Farias et al. (1332) categorizes rocks of Precambrian or Achaean time into
different formations within the Northeastern state of Para. These rocks are grouped into
the Maracacume Complex, Santa Luzia Formation, Tromai Formation, Gurupi formation,
Viseu Formation, Igarape de Areia and Granito Cantao Formation, which follow the Piria
Formation of the Paleozoic era.
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The geologic history or era of this clay can be found during the Cenozoic era on
the geologic scale. There are three major formations that can be identified during this era.
The Pirabas Formation, belonging to the early to mid Tertiary period. The Baffeiras
Formation, belonging to mid Tertiary to early Quaternary. This Group will later be
analyzed in order to understand its historical sedimentation processes. The third
formation is refeffed to as the Post Baffeiras Group, belonging to early to mid Quaternary
period. According to Farias's et al. (1332) interpretation, the soils formed during the
Tertiary and Quaternary periods are found throughout the Braganca region, northeastern
state of Para. "The sediments of the Baffeiras group cover around 35% of area in this
region, which are then covered by Quaternary Post Baffeiras and alluvial Holocene
sediments" (Farias et al. 1332). Figure 2.2 represents a general stratigaphic column of
the Braganca region proposed by Farias et al., 1332.
A closer look is taken at the metropolitan area of Belem and its adjacent regions.
Braz, 1385 (as cited in Sampaio Jr., 1335) classifies this region into four principal units;
1) sedimentary deposits of the Tertiary period (Baffeiras Group); 2) sedimentary deposits
of the Quaternary period (Pleistocene); 3) recent non-consolidated sediments along flood
areas; 4) non-consolidated sediments of fluvial-marine planes with rivers and streams
(Figure 2.3).
According to Pinheiro, (1387) the company Docas do Para (as cited in Sampaio,
1335) advanced 24 borings to a depth of 45 meters in the Port of Belem and defined the
subsoil as Pleistocene/Holocene sediments. Pinheiro confirmed that the sediments
correlate to the Post Baffeiras sequence between the Pleistocene and Holocene epochs.
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Pinheiro, 1387 (as cited in Sampaio, 1335) & Goes (1382) classifies the Post
Baffeiras formation as argilous materials that are found with significant erosive
discordance above sediments belonging to the Baffeiras group.

Figure 2.2 Lithological Stratification of the Braganca Region. (Farias et al., 1332)
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Figure 2.3 Geologic classification of Belem and adjacent areas Braz, 1385 (as cited in
Sampaio, 1335).
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Feffeira (1382) states that sediments of continental origin that lie above the clastic
marine formation Pirabas are recognized as belonging to the Baffeiras formation.

2.2 Barreiras Group & Post Barreiras Formation
This section analyzes the findings of various authors with respect to the Baffeiras and
Post Baffeiras Formations. There is some discordance among geologists over the
sediments that occur in and around the Baffeiras Formation. It is therefore necessary to
achieve a general accordance by analyzing various research works. This will help to
properly classify the geologic depositional setting of this clay.
"The sediments that generically are designated the term Baffeiras coffespond to an
extensive siliciclastic sequence of poorly sorted conglomerates and clays that occur in an
extended belt along the Brazilian coastline from the mouth of the Amazon River to Rio
de Janeiro" (Rossetti et al., 1331).
Rossetti, Goes & Truckenbrodt characterize the Baffeiras sediments of the
Braganca region, northeastern State of Para, into three distinct categories or associations
as the authors describe it. The first (A), located in the southern region primarily consists
of massive polymictic conglomerates. These deposits are attributed to a fluvial lacustrine
environment refeffed to as the Pirabas and lower Baffeiras Formation (Rossetti et al.,
1383). Association B, lies between A and C and is primarily composed of sand when
situated close to A. It is also composed of equal proportions of sand and clay in the
proximity of C. "Association C, occuffing in the northern part, consists mainly of
laminated and massive claystone" (Rossetti et al., 1331). Rossetti attributes the latter two
deposits to tidal processes within estuaries and stratographically denotes them as mid to
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upper portions of the Baffeiras Formation. Category D is mentioned as an erosive phase
succeeding the Baffeiras sediments. These sediments have been deposited by debris and
eolian flows. This sequence or phase is refeffed to as Post Baffeiras (See Figure 2.4).

Figure 2.4 Lithological Associations of the Baffeiras & Post Baffeiras Sediments in NE
Para. (Rossetti et al., 1383)

Despite some discordance among geologists as to the age, beginning and contents
of the Pirabas and Baffeiras Formation, there is a general agreement where the Post
Baffeiras Formation begins. All of the literatures cited in this thesis have described a
distinct break or separation between Baffeiras and Post Baffeiras of extreme weathering
and erosive conditions that coffelate to a major marine regression and arid conditions.
According to Farias et al., 1332 (as cited in Sampaio, 1335) the outcrops found in
the Bragantina region of the sate of Pardo can distinctively be subdivided into Baffeiras &
Post Baffeiras by the presence of erosion. Goes (1381) classifies the Baffeiras formation
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as sediments that contain fine grain, are more compact, with varying colors and contain
ironstone concretions formed in-situ. The Post Baffeiras formation is classified as
sediments containing fine to coarse grained sands with quartzite fragments and reworked
ironstone concretions.
Goes (1381) divides the Baffeiras formation into three categories; conglomeritic,
sandy clay and sand lithofacies. "Textural immaturity and abundant mud supported
clastics in particular, suggest depositions mainly by debris flows under semiarid
conditions" (Goes, 1381 pg.3). The clay facies presents varying colors with low plasticity
and a massive structure. Gradually with depth these sediments become more plastic and
less massive in structure. They take on a dark greenish gray color with frequent sand
seams that are closely spaced or varved.
Rossetti (1333) also recognizes three depositional sequences with in the Cenozoic.
As mentioned before, she characterizes the lower part of this sequence as Pirabas and
Lower Baffeiras Formation. Figure 2.5 represents Rossetti's stratographic interpretation.
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Figure 2.5 Lithological Depositional Sequence in NE Para (Rossetti, 1333).

Rossetti, Goes & Truckenbrodt have postulated an alluvial fan-sand flat-mud flat
depositional model for the Baffeiras sediments for the Braganca region and that part of
the sediments of association C was deposited under tidal influences. Streams that emerge
out of steep mountains form an alluvial fan or piedmont type alluvial deposit see Figure
2.3 (Schuring, 1338). The melting of the last glacial maximum along with drastic
climatic changes may have caused periods of high flows along the Amazon basin, giving
rise to these alluvial fans.
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Figure 2.6 Depositional Model of the Baffeiras Group in NE Para.

There is recorded evidence of marine transgressions in various parts of the world.
"Relative sea level rose during the middle to early late Miocene, covering the Bragantine
and Para platforms and resulting in deposition of estuarine cross-stratified sandstones and
mudstones of the mid to upper Baffeiras Formation" (Rossetti, 1333 pg 11). Evidence of
marine transgressions throughout the world have been recorded and coincide with the
transgression reported in the Northeast state of Para. Further evidence of marine
influence on the Baffeiras Formation can be proved by data collected from a
palynological analysis conducted by Arai et al. (1388). A piece of varved organic clay
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was sampled and tested. Results showed various marine and fresh water organisms as
well as land (teffestrial) plant fragments.
The rising and lowering of the sea level may also have caused marine intrusions or
sediments to overlay existing alluvial sediments. This occuffence may have only
extended a short distance west of the Amazon delta. These marine sediments may also
have been deposited in a lacustrine setting due to deep estuarine valleys and possible
sediment baffiers trapping water during the lowering of sea level.

2.3 Subsurface Exploration
The sample was taken from a construction site in Belem on Rua Padre Eutiquio between
Rua Timbiras and Rua Eng. Fernando Guilhon in the district of Batista Campos (Figure
1.1). Soil borings were advanced 15.24 meters North of where the sample was extracted
and the procedure was followed in accordance to the ASTM 1583 method for sampling
soil. Samples and blow counts were collected using a 45 cm standard split spoon
sampler. Blow counts were taken every 15 cm and data was used from the 15-45 cm
interval, the first interval is considered to be exploratory and is not taken into account for
design aspects. These borings were supervised and classified by Dr. Julio Alencar. Table
2.0 represents the English translation of the soil borings using the Burmeister
classification system.
The sample was extracted from a pre-drilled pile location (refer to boring
location Plan, Figure 2.7). Drilling was accomplished using a small track rig with
pressurized water (jetting) connected to 5m incremented hollow stem sleeves.
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This machine is used for cast in place concrete piles. Jetting was used to erode the soil
into a soil-water suspension. The soil was sampled at a depth of 11.7m from the ground
surface using a 11.48 cm diameter brass Shelby tube. The tube was then sealed with wax
on both ends and stored horizontally submerged in water for a period of about one week.
Once the sample arrived in the United States, it was stored vertically as sampled and
enclosed in a water filled sealed container.

Figure 2.7 Boring location plan.

2.4 Strata Classification
The exact description of the Shelby tube contents can be seen in figure 2.8. The majority
of the soil can be classified as Dark Gray SILT & CLAY, little fine Sand (varved).
Although it is difficult to determine the exact sedimentation processes that occurred with
this soil it is possible to postulate this with the aid of the various cited works.
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Rossetti, Truckenbrodt and Goes (1383) give the best representation and
description of this soils age and sedimentation process. They specifically categorize this
exact soil type as belonging to Association C of a Late Barreiras Formation.

Figure 2.8 Shelby tube log.

CHAPTER 3
TESTING PROCEDURES AND RESULTS

3.1 General
Seven types of tests were performed on the sample to determine specific index properties
and characteristics. These tests are ultimately what will help determine a
recommendation for construction on or through this soil. A testing schedule was
determined prior to the arrival of the soil. The following tests were performed on the
soil; 1) Moisture Content, 2) Atterberg Limits, 3) Particle Size Analysis - Hydrometer, 4)
Specific Gravity, 5) Organic Content, 3) Consolidation and 7) Triaxial - Consolidated
Undrained.
A general visual classification of the soil was conducted using the Burmeister
classification system. This was done each time the sample was pushed for testing. The
general classification was a Dark Gray SILT & CLAY, little fine Sand with regular sand
partings (varved of a lighter Gray coloration; & medium grain size). There are areas
where the sand partings decrease and the consistency drops to soft. A White SILT &
CLAY, trace fine Sand of stiff consistency was found in the last six inches of sample. It
was imbedded within and around the previous dark gray varved material. This material
was not tested due to small quantities that were encountered. It may be another area for
future research.
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3.2 Moisture Content & Specific Gravity
The natural moisture content was determined in accordance to ASTM D 2213-31. Three
separate moisture content tests were performed in addition to data from the consolidation
and triaxial tests. The average natural moisture content is approximately 31.8% (Table
3.1).
A series of four specific gravity tests were performed at different conditions
(Table 3.1). This test followed the ASTM D 854 procedure. Two samples were dried at
31°C, one was soaked for one day and the other was not. The next two samples were
dried at 111° C with the same previously described conditions. The results were very
similar producing an average specific gravity of 2.334, which falls within the range of
clayey and silty soils (Das, 1334). This data is pertinent in calculating void ratio, it is
used in the hydrometer analysis, and it is useful to compute the soil density.
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3.3 Particle Size Analysis - Hydrometer Method
A particle size analysis was performed on two representative samples. The hydrometer
method was used and the procedure was followed in accordance to the ASTM D422
method for determining an estimate of the distribution of soil particle sizes below the No.
211 sieve. The results of the two tests were very similar. Percentages of fine sand were
between 3.0% and 3.3%, Silt were between 55% and 31.2% and clay were in the range of
3.4% to 7.5%. These results can be seen in Table 3.2, 3.3, Figure 3.1, 3.2.
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Figure 3.2 Hydrometer analysis (S-2).

3.4 Atterberg Limits & Organic Content
The Atterberg limits were determined using the standard test method for liquid limit,
plastic limit, and plasticity index of soils D 4318-84 as specified by ASTM standards. A
series of five tests were run at different conditions (Table 3.1). Samples were tested at
natural or wet conditions and dry (at 61° C); some were allowed to soak for 13 hours and
others were not. The data plotted as an Inorganic Clay of medium plasticity on the
Plasticity chart (ASTM D4318). When comparing the results between the dry and wet
prepared sample, the difference shows a 6% increase in water content for the wet sample.
According to ASTM D2487, if the ratio between oven dry and wet is less than 1.75, then
the soil is considered organic. The soil tested had a ratio of 0.82, which classifies it as
inorganic. This sample is a borderline case where the water content falls just below the
organic content criteria.
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The organic content of this soil was determined using the ASTM D 2374 standard. A
series of three organic content tests were run and showed that the organic content was on
average 3% (Table 3.1). This percentage is lower than what was originally thought.
According to Alencar (1333), the soils found in this stratum generally appear to have a
higher organic content. In this area of Belem the organic content may change
sporadically within the soil profile. What was sampled at the present site may change 511
feet down the road due to varying geologic settings.

3.5 Consolidation Analysis
The ASTM method D 2435 was used for the consolidation analysis. The principal
objective of this test was to obtain the consolidation properties of the material used.
A series of three consolidation testes were run at different times. The first two
tests were loaded from 7.77 kPa to a maximum load of 334.42 kPa where the last test was
loaded to 1388.84 kPa and was then unloaded at V4 load decrements. Load increments
were doubled as required by ASTM standards. The first two tests used a time interval of
three days between load increments. The third test used a time interval of 24 hours
between load increments. The results for this test can be seen in Table 3.4.
The preconsolidation pressure (Pc) of this clay shows values, which range
between 151-181 kPa. The average pressure shows to be about 135 kPa. The values for
Pc shown on Table 3.4 were obtained using the Casagrande (1333) method as stated in
Das (1334). The last value for Pc represented on Table 3.4 is 135 kPa, which was
obtained using the Schmertmann (1355) method. This method was only used on S-3
because it requires a full unload cycle, which S-1 and S-2 did not have.
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Since the Schmertmann method represents the field curve conditions; a conservative
estimate of 135 kPa was used as the preconsolidation pressure. The graphical
construction of Pc can be seen in Figures 3.3-3.7. Figure 3.8 shows all three samples on
one graph.
The effective overburden pressure (6`o) for this clay layer was approximated at
31.0 kPa. This value was estimated by using the unit weight values that were presented
in Joao Luiz Castro Sampaio Junior's thesis of consolidation for the overlying soils and
the calculated unit weight for the Belem clay. In comparison, since both studies are from
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the same region, the soil profile analyzed in Sampaio Jr. (1335) is very similar to this
research. The main difference in research is the two types of clays that lie at similar
depths. This soil classifies as a slightly overconsolidated clay with an average
overconsolidation ratio (OCR) of 1.8. Since the OCR is rather low, this soil may also be
classified as a nearly normally consolidated clay.
The coefficient of consolidation, Cv, was found by two graphical procedures, the
logarithm of time and square root of time fitting method. The results of the three tests
can be seen in Appendix A, Figures A.1-A.23. The summary of values can be seen in
Table 3.5. Both methods were used for comparison. Most of the values deviate by
approximately 5%. Some deviate higher due to the difficulty in locating the end of
primary consolidation. The graphs representing Cv vs. pressure can be seen in Figures
B.1-B.3.
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The third method for calculating Cv, which can be considered to be the most accurate,
uses values from the logarithm of time method such as D51, D111, and t51. These values
are used together with void ratio and strain data to calculate a more accurate value of Cv
(Table 3.3 & 3.7). The average range for these values is between 0.013 — 0.113 cm 2 /s.
Holtz and Kovacs illustrate typical values of Cv in Table 3.8. The Belem clay most
closely resembles the Boston blue clay (CL) with a Cv value of 1.114 ± 0.112 cm 2 /s.
Figures 3.9 — 3.11 (Appendix B) represents the data from Table 3.3 and 3.7 as Cv vs. log
pressure.
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The compression index, Cc, was calculated using the graphical method for Figures
3.3 - 3.7. The slope of the virgin compression curve represents the value Cc. The value
of Cc for this clay ranges from 1.12 - 0.23 (refer to Table 3.4). These results are
compared to typical values shown in Table 3.3 (Holtz and Kovacs). The Belem clay most
closely resembles the Chicago silty clay (CL) with Cc range of 1.15 — 0.3. It also
borderlines normally consolidated medium sensitive clays with a Cc range of 0.2 — 0.5.
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Table 3.4 also shows values of the secondary compression index, Ca ranging
between 1.112 — 0.1127. This was calculated using graphical data from the logarithm of
time method. This is computed as the slope of the secondary consolidation portion of the
graph. The values for Ca represented in Figure 3.4 were calculated for loads of 334.42
kPa and 333.0 kPa.
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Table 3.8 Typical Values of the Coefficient of Consolidation, Cv (Holtz & Kovacs,
1381)

Table 3.9 Typical Values of the Compression Index, Cc (Holtz & Kovacs, 1381)

40
Figure 3.12 plots modified secondary compression index (%) versus natural water content
after Mesri, 1973 (as cited in Holtz and Kovacs, 1381) for several clays. The Belem soil
falls on the boundary line between Boston blue clay and Chicago blue clay with

blue clay (0.123), but does not fall within the range.
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Table 3.10 Values of Ca/Cc for Natural Soils (Holtz & Kovacs, 1381)

As mentioned before, this soil possesses some signs of a borderline normally
consolidated soil. Another indication to this statement is the shape of the consolidation
curves. Figures 3.3 — 3.7 show curves that lack some shape. There is no real flat section
and so no distinct break after P'c has been reached. Some consideration must be given to
sample disturbance. The disturbance is mainly attributed to transport time and storage
during travel. This sample disturbance may have caused the graphs to take the shape they
posses. It may also be possible that this soil holds some characteristics of a normally
consolidated clay. Additional consolidation tests are recommended with the proper
sampling and testing conditions in order to rule out sample disturbances and possible
equipment failure or error.
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3.6 Triaxial Test
The undrained shear strength parameters of the specimen were determined using the
ASTM D 4737-88 procedures for a consolidated —undrained test with pore pressure
measurements.
Three samples were trimmed from an 8" section of the Shelby tube. The
trimming became very tedious due to the soft consistency of the clay. The first sample
had an approximate 1" intrusion of a stiffer light gray CLAY & SILT. The next two
samples were consistent with the rest of the tube with the exception of less sand seams
and a few wood fragments embedded in the sample.
Head (1381) discusses that the confining pressures should be

Y2, 1

and 2 time the

effective overburden pressure of the sample. The effective overburden pressure used for
this test was calculated to be 84.0 kPa. The confining pressure for the first sample was
set to 55.13 kPa. This pressure was so low that the saturation stage of the test was lasting
for a longer period than previously expected. As a result, the backpressures for the test
were changed to 213.84, 275.81 and 344.74 kPa respectively. The saturation period thus
dropped from a week to approximately 2 days. A 27.58 kPa pressure differential was
used in the consolidation stage of the test. Complete consolidation was reached in
approximately one day. This 27.58 kPa consolidation pressure was used for all three
tests. Shear strength parameter results can be found in Table 3.4. These values ranged
from 23.83 kPa to 32.83 kPa.
This test was not conducted with great consistency due to inexperience. The three
tests were run at different conditions. The first was run with a rubber membrane and
filter strips. The second was run with a condom and no filter strips. The rubber

43
membrane in the first sample proved to be too thick. The third was run with a condom
and filter strips. The proper membrane compliance adjustments were calculated
according to ASTM D 4737. Lack of sufficient soil resulted in the inability to repeat the
test. The results showed that the consolidation pressure was too low. Table 3.4 shows
that the maximum value for a'i (82.3 kPa) did not exceed the true overburden pressure of
approximately 31 kPa. This makes it difficult to properly estimate the internal angle of
friction and the cohesion. The indication that the test had not been performed properly
was in the construction of the Mohr circles (Figure B. 5). They did not follow the
normal textbook pattern or anything close to that. They overlapped each other and thus
made it impossible to use. This essentially produced an average value of 4.31 psi or
31.81 kPa for the undrained shear strength parameter. The reason for this is that the
normal stress at failure for both S-1 and S-2 were nearly equal. The graphs for the three
samples tested can be found in Appendix B and the summary of results in Table 3.4.
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Figure 3.13 Undrained strength ratio versus overconsolidation ratio from direct simple
shear tests on six clays. (Holtz and Kovacs, 1381)

According Ladd and Edgers, 1372, and Ladd, et al., 1377, Figure 3.13 represents
the undrained strength ratio versus overconsolidation ratio from direct-simple shear tests
on six clays (as cited in Holtz and Kovacs, 1381). The Belem clay analyzed falls close to
the Boston blue Clay.

CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions
The present work has the principal objective to study the characteristics of
compressibility of an argilous stratum that can be found in large areas of the metropolitan
region of Belem in the state of Para, Brazil,
The argilous material that makes up this stratum is alluvial in origin with possible
marine intrusions. The geologic time setting refers to the Tertiary/Quaternary period
pertaining to the Barreiras Group. The Belem clay is varved in nature, which is
characteristic of its complex depositional setting. The consistency of this material varies
from soft to medium according to N-SPT. The material varies in color, but is
predominantly dark gray.
The study of this material is based on the results obtained from an experimental
program involving characterization, compression and triaxial tests using undisturbed
samples.
The characterization tests demonstrate that the soil is of medium plasticity with an
average plasticity index (PI) of 18.5% and liquid limit of 35.5%. It can be classified
under the Burmeister classification system as a Dark Gray SILT & CLAY, little fine
Sand with regular sand partings (varved of a lighter Gray coloration; & medium grain
size). The Unified System classifies the soil as an inorganic clay of medium plasticity
(CL).
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The compression tests characterize the Belem clay as a slightly overconsolidated
clay with some characteristics of a normally consolidated clay. Its preconsolidation
pressure was estimated to be approximately 135 kPa and its effective overburden pressure
as 31 kPa. Other properties such as the overconsolidation ratio OCR = 1.8, compression
index Cc = 0.23, coefficient of consolidation Cv = 0.113-0.103 and the secondary
compression index Ca = 0.012 were calculated and used to better understand the clay
characteristics. According to the sources utilized in this paper, the Belem clay is most
similar to the Boston blue clay. Further research on this clay is recommended for
possible links between the two soil characteristics and to properly determine and classify
its stress history. Table 3.11 shows typical values for the clay layer analyzed by Sampaio
Jr. It is important to notice that even though both clay layers analyzed (by myself and
Sampaio Jr.) lie at similar depths, have been virtually exposed to the same geologic
conditions and are found quite frequently throughout the city of Belem, they still possess
distinct characteristics. These differences may be mainly attributed to the laterization
process, due to quantities of iron oxide that occur in the clay analyzed by Sampaio Jr.
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The triaxial tests for the most part were unsuccessful. The sample was not
consolidated past its preconsolidation pressure and so the results essentially yielded
undrained shear strength. The only valuable information was the shear strength of the
soil with an average shear strength of 31.8 kPa. The graphs representing the values on
Table 3.4 are found in Appendix B. Further research is needed to obtain the proper
information.

4.2 Recommendations
It is highly recommended that this soil be analyzed in a series of triaxial test. The triaxial
test is the most reliable and the closest method to mimic field stress conditions in a
laboratory. Geotechnical engineers should use this data in conjunction the consolidation
test to calculate immediate, primary and secondary consolidation settlement that can
occur when buildings are founded on the dense 4 m thick sand layer that lies on top of
this varved clay. Due to the soft consistency of this clay, it is often recommended with
higher loads to drive piles past this layer to the very dense sand layer located
approximately 14 m (42 ft.) below the ground surface. Regardless of the general geology,
a subsurface exploration should be mandatory even when dealing with residential
structures. Most failures have occurred in residential areas, where a subsurface
exploration was not performed and construction not supervised.
Belem is a fairly young city as far as high-rise buildings are concerned. Thus the
data obtained from this analysis can be used to see where these buildings lie in a
time/consolidation spectrum. Buildings that were constructed thirty to forty years ago
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may not have taken into account long-term settlements. This leaves an open end to what
the future of these structures hold (Alencar, 1333).
It is also highly recommended that more consolidation tests be run in order to
determine its accurate stress history. Proper sampling and testing conditions must be met
to rule out any erroneous data. The answer to whether this clay is normally consolidated
or overconsolidated is very important information to the designing engineer.

APPENDIX A
TIME RATE OF CONSOLIDATION
GRAPHS

The following graphs represent the time rate of consolidation curves for samples 1-3.
The first two samples (S-1 and S-2) were loaded from 7.77 kPa to 334.42 kPa where the
last sample (S-3) was loaded to 1388.84 kPa and unloaded at 1/4 load decrements. Each
Figure is represented by two graphs that are later used to calculate and compare values of
the coefficient of consolidation Cv. The two graphs show the logarithm of time method
(a) and the square root of time method (b). The graph titles are interpreted as for example
sample #1, load #1 (S-1/L-1). The last three graphs represent Cv vs. pressure.
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Figure A.1 Logarithm of time method (a) and square root of time method (b) for
S-1/L-1.

51

52

Figure A.3 Logarithm of time method (a) and square root of time method (b) for
S-1/L-3.

S1

Figure A.4 Logarithm of time method (a) and square root of time method (b) for
S-1/L-4.
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CA

c7

Figure A.8 Logarithm of time method (a) and square root of time method (b) for
S-1/L-8.
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Figure A.9 Logarithm of time method (a) and square root of time method (b) for
S-2/L-1.
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Figure A.10 Logarithm of time method (a) and square root of time method (b) for
S-2/L-2.
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Figure A.11 Logarithm of time method (a) and square root of time method (b) for
S-2/L-3.
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Figure A.12 Logarithm of time method (a) and square root of time method (b) for
S-2/L-4.
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Figure A.14 Logarithm of time method (a) and square root of time method (b) for
S-2/L-3.
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Figure A.15 Logarithm of time method (a) and square root of time method (b) for
S-2/L-7.
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Figure A.16 Logarithm of time method (a) and square root of time method (b) for
S-2/L-8.
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Figure A.19 Logarithm of time method (a) and square root of time method (b) for
S-31L-3.
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Figure A.20 Logarithm of time method (a) and square root of time method (b) for
S-31L-4.
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Figure A.21 Logarithm of time method (a) and square root of time method (b) for
S-31L-5.
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Figure A.22 Logarithm of time method (a) and square root of time method (b) for
S-31L-3.
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Figure A.26 Logarithm of time method (a) and square root of time method (b) for
S-31L-11.
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Figure A.27 Logarithm of time method (a) and square root of time method (b) for
S-31L-11.
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Figure A.28 Logarithm of time method (a) and square root of time method (b) for

S-31L-12.
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Figure A.29 Logarithm of time method (a) and square root of time method (b) for
S-3/L-13.
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APPENDIX B
TRIAXIAL TEST
GRAPHS

The following graphs represent all the data that was plotted for the triaxial test.
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Figure B.1 Effective principal stress vs. strain (S-1).
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Figure B.2 Effective principal stress vs. strain (S-2).
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Figure B.6 Effective shear stress vs. strain (S-3).
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Figure B.7 Obliquity vs. strain (S-1).
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Figure B.8 Obliquity vs. strain (S-2).
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Figure B.9 Obliquity vs. strain (S-3).
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Figure B.10 Excess pore pressure vs. strain (S-1).
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Figure B.11 Excess pore pressure vs. strain (S-2).
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Figure B.12 Excess pore pressure vs. strain (S-3).
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